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(54) Single-transltlon-to-single-transitlon coherence transfer by cross-polarization: quantitation 
of cross-correlation effects in NMR 



(57) A method of NMR spectroscopy for achieving 
selective single-transition -to-single-transition cross-po- 
larization (ST-CP) between two selected transitions in 
systems with two or more coupled spins comprises the 
folbwing steps: 

1 ) Choose RF pulses suitably shaped for a selective 
excitation experiment with an RF amplitude that is 
weaker than the scalar coupling constant Jjg of the 
I and S spin systems; 

2) Simultaneously stimulate a pair of connected 
transitions of the I and S spin systems; 

3) Record the response for the said selective exci- 
tation experiment and observe different pairs of 
connected transitions. 

The method proposed is quite general provided the 
selectivity is sufficient to consider the relevant three-lev- 
el subsystem to be isolated from all other energy levels. 
The method will be particularly useful to study differen- 
tial relaxation of different multiplet components. 
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Description 



[0001] The invention refers to a nnethod of nuclear magnetic resonance (=NMR) spectroscopy for achieving selective 
singie-transition-to-single-transition cross-polarization (ST-CP) between two selected transitions In systems with two 
5 or more coupled spins by irradiating radio frequency (=RF) pulses to a sample in a homogeneous magnetic field in 2- 
direction. 

I. INTRODUCTION 

10 [0002] Cross-correlated relaxation phenomena have become important for the characterization of isctopically la- 
belled macromolecules by solution-state NMR. The measurement of cross-correlated relaxation rates has enabled the 
direct measurement(^-4) of bond angles subtended by pairs of intemuclear bond vectors in proteins without need to 
resort to empirical Karplus-type relationships. These angular constraints may also be used in conformational studies 
of small ligands bound to macromolecules using transferred cross-correlated relaxation.<5-7) in analogy to transferred 

IS NOE. l\/leasurement of i^N relaxatton rates in both laboratory and rotating frames have yielded insight into exchange 
eff ects(8) and dynamic behaviour^) of proteins in solution, the primary sources of relaxation in proteins being the chem- 
ical shift anisotropy (CSA) of the heteronuclei 13C or and dipole-dipole (DD) coupling with directly bound protons, 
[0003] Structural and dynamic studies become problematic with increasing molecular size due to Increased trans- 
verse relaxation rates. A number of methods have been introduced to circumvent these effects. Transverse relaxation 

20 rates of amide protons may be reduced by exchanging all carbon-bound protons by deuterium. Alternatively one may 
use the interference between the CSA and DD interactions which leads to differentia! line narrowing(io-i2) of the indi- 
vidual multiplet components. In transverse relaxation optimized spectroscopy (TROSY)(i3) this effect is exploited by 
selecting the slowly-relaxing component in undecoupled heteronuclear correlation experiments. Improved ver- 
sions(^^-i6) using single-transition-to-slngle-transition coherence transfer yield a J2 sensitivity enhancement and have 

25 been employedf^^) to measure 13C relaxation rates in RNA and DNA bases. In general, coherence transfer is achieved 
via a series of INEPT-like transfers which limit the size of the proteins that may be studied. An avenue^^s) to study 
macromolecules of increasing molecular mass employs a combination of cross-correlated relaxation and evolution 
under scalar coupling to achieve polarization transfer. 

[0004] Mehring, Wolff and Sto\P^) have shown that it is possible to transfer coherence in a three-level system (such 
30 as occurs for deuterium with a non-vanishing quadrupole interaction) by simultaneous irradiation of two connected 
single-quantum transitions. This idea has been extended(20) to achieve coherence transfer between allowed and for- 
bidden single- and multiple-quantum coherences. 

[0005] It is an object of the invention to present a general method for studying differential relaxation of different 
multiplet components. 

35 [0006] With the approach according to the present invention, one may also transfer coherence by selective cross- 
polarization between two selected transitions in a four-level system consisting of scalar coupled spins / = 1 /2 and S = 
1/2 in isotropic solution. This is achieved by the following steps: 

1 ) Choose RF pulses suitably shaped for a selective excitation experiment with an RF amplitude that is weaker 
40 than the scalar coupling constant J,s of the I and S spin systems; 

2) Simultaneously stimulate a pair of connected transitions of the I and S spin systems; 

3) Record the response for the said selective excitation experiment and observe different pairs of connected tran- 
45 sitions. 

[0007] With the inventional method, selective single-transition -to-single-transition cross-polarization (ST-CP) can be 
achieved in heteronuclear scalar-coupled two-spin systems, such as amide i^N-iH groups, by employing RF ampli- 
tudes that are much weaker than the scalar coupling constant J^h, and by simultaneously irradiating a pair of connected 

50 transitions. Each of the four multiplet components in an undecoupled heteronuclear correlation spectrum may be ob- 
served in turn. The transfer benefits from differential line narrowing due to interference between the chemical shift 
anisotropy and ^sn-^H dipolar coupling, which is cleariy observed in i^N-labelled human ubiquitin at 600 MHz. 
[0008] The spin system can be kept in isotropic or anisotropic solution during the experiment, depending on the 
desired environment of the sample material. 

55 [0009] The intensities of the observed signals may depend upon the chosen pair of connected transitions because 
of cross-correlated relaxation effects. 

[0010] An advantageous variant of the inventional method employs semi-selective cross-polarization during a prep- 
aration period to transfer coherence through the scalar coupling from both doublet components of the selected 
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(54) Single-transition-to-single-transitlon coherence transfer by cross-polarlzation: quantitation 
of cross-correiatlon effects in NIMR 



(57) A method of NMR spectroscopy for achieving 
selective single-transition -to-single-transition cross-po- 
larization (ST-CP) between two selected transitions in 
systems with two or more coupled spins comprises the 
following steps: i 

1 ) Choose RF pulses suitably shaped for a selective 
excitation experiment with an RF amplitude that is 
weaker than the scalar coupling constant J|s of the ^-''N • 
I and S spin systems; 

2) Simultaneously stimulate a pair of connected 
transitions of the i and S spin systems; G - 

3) Record the response for the said selective excl- °i 
tation experiment and observe different pairs of 

connected transitions. 

The method proposed is quite general provided the 
selectivity is sufficient to consider the relevant three-lev- 
el subsystem to be isolated from all other energy levels. 
The method will be particularly useful to study differen- 
tial relaxation of different multiplet components. 
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Description 

[0001] The invention refers to a method of nuclear magnetic resonance (=NMR) spectroscopy for achieving selective 
single-transition-to-single-transition cross-polarization (ST-CP) between two selected transitions in systems with two 
5 or more coupled spins by irradiating radio frequency (=BF) pulses to a sample in a homogeneous magnetic field in 2- 
direction. 

I. INTRODUCTION 

10 [0002] Cross-correlated relaxation phenomena have become important for the characterization of isotopically la- 
belled macromolecules by solutton-state NMR. The measurement of cross-correlated relaxation rates has enabled the 
direct measurement(i-^) of bond angles subtended by pairs of internuclear bond vectors in proteins without need to 
resort to empirical Karplus-type relationships. These angular constraints may also be used in conformational studies 
of small ligands bound to macromolecules using transferred cross-correlated relaxation, (5-7) jn analogy to transferred 

15 IMOE. Measurement of relaxation rates in both laboratory and rotating frames have yielded insight into exchange 
effects<8) and dynamic behaviour(9) of proteins In solution, the primary sources of relaxation in proteins being the chem- 
ical shift anisotropy (CSA) of the heteronuclei ^^C or and dipole-dipole (DD) coupling with directly bound protons. 
[0003] Structural and dynamic studies become problematic with increasing molecular size due to increased trans- 
verse relaxation rates. A number of methods have been introduced to circumvent these effects. Transverse relaxation 

20 rates of amide protons may be reduced by exchanging all carbon-bound protons by deuterium. Alternatively one may 
use the interference between the CSA and DD interactions which leads to differential line narrowing(io-i2) of the indi- 
vidual multiplet components. In transverse relaxation optimized spectroscopy (TROSY)(i3) this effect is exploited by 
selecting the slowly-relaxing component in undecoupled heteronuclear correlation experiments. Improved ver- 
slons(i'^-''6) using single-trans'rtion-to-single-transition coherence transfer yield a J2 sensitivity enhancement and have 

25 been employed^^^) to measure ^^C relaxation rates In RNA and DNA bases. In general, coherence transfer is achieved 
via a series of INEPT-like transfers which limit the size of the proteins that may be studied. An avenue^^^) to study 
macromolecules of increasing molecular mass employs a combination of cross-correlated relaxation and evolution 
under scalar coupling to achieve polarization transfer. 

[0004] Mehring. Wolff and StolK^^) have shown that it is possible to transfer coherence in a three-level system (such 
30 as occurs for deuterium with a non-vanishing quadrupole interaction) by simultaneous irradiation of two connected 
single-quantum transitions. This idea has been extended<20) to achieve coherence transfer between allowed and for- 
bidden single- and multiple-quantum coherences. 

[0005] It is an object of the invention to present a general method for studying differential relaxation of different 
multiplet components. 

35 [0006] With the approach according to the present invention, one may also transfer coherence by selective cross- 
polarization between two selected transitions in a four-level system consisting of scalar coupled spins / = 1/2 and S = 
1/2 in isotropic solution. This is achieved by the following steps: 

1 ) Choose RF pulses suitably shaped for a selective excitation experiment with an RF amplitude that is weaker 
40 than the scalar coupling constant J,s of the I and S spin systems; 

2) Simultaneously stimulate a pair of connected transitions of the I and S spin systems; 

3) Record the response for the said selective excitation experiment and observe different pairs of connected tran- 
45 sitions. 

[0007] With the inventional method, selective single-transition-to-single-transition cross-polarization (ST-CP) can be 
achieved in heteronuclear scalar-coupled two-spin systems, such as amide ""sn-IH groups, by employing RF ampli- 
tudes that are much weaker than the scalar coupling constant J^h, and by simultaneously irradiating a pair of connected 

50 transitions. Each of the four multiplet components in an undecoupled heteronuclear correlation spectrum may be ob- 
served in turn. The transfer benefits from differential line narrowing due to interference between the chemical shift 
anisotropy and ^^N-^H dipolar coupling, which is clearly observed in ""SN-Iabelled human ubiquitin at 600 MHz. 
[0008] The spin system can be kept in isotropic or anisotropic solution during the experiment, depending on the 
desired environment of the sample material. 

55 [0009] The intensities of the observed signals may depend upon the chosen pair of connected transitions because 
of cross-correlated relaxation effects. 

[0010] An advantageous variant of the inventional method employs semi-selective cross-polarization during a prep- 
aration period Ti to transfer coherence through the scalar coupling from both doublet components of the selected 
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source spin I to the two doublet components of the directly bound second spin S. 

[001 1 ] This may be improved by using matched RF fields with amplitudes of the order of the heteronuclear coupling 
constant J,s. 

[0012] In a preferred variant, the method according to the present invention may be characterised by applying the 
folbwing pulse sequence to the spin system I and S : 

a) Irradiating a Jc/2 RF pulse acting on spins I with a phase-cycle <t>^ = y, y, -y,-y; 

b) applying two RF fields with matched amplitudes of <0iV2n = ©1^/27^ and carrier frequencies positioned at the 
midpoints of the I and the S doublets during a preparation time period = J|s"^ ; 

c) irradiating a 7i/2 RF pulse acting on spins S with a phase-cycle = y, -y,-y, y 

d) destroying any residual transverse magnetization by applying a first spoil gradient pulse followed by a proton 
7C/2 pulse and subsequently by applying a second spoil gradient pulse 

e) irradiating a n/2 pulse acting on the spins S; 

f) applying two RF fields with matched amplitudes of cd^ '/27c = <o^^/2it for single-transition-to-single-transition cross- 
polarization, on-resonance with any chosen pair of connected transitions during a second time period t2, the am- 
plitudeis of the RF fields being reduced with respect to the amplitudes in step b) 

g) using a receiver phase<ycling <t>^^ = x, -x, x -x. 

[0013] This can be further imp roved by inserting a suitable relaxation delay at a time point (a) before the ST-CP 
interval I2 to monitor the relaxation behaviour of the spin S coherences whilst observing the spin I doublet components. 
[0014] Another improvement of this method is characterised by inserting a Carr-Purcell-Meiboom-Gill (CPMG) mul- 
tiple refocussing sequence at time point (a) before the ST-CP interval to monitor the relaxation behaviour of the spin 
S coherences whilst observing the spin I doublet components. 

[001 5] It may be also of advantage using a Carr-Purcell-Meiboom-Gill (CPMG) spin echo sequence for T2 measure- 
ments whereby the intervals between the n pulses of the CPMG pulse train are set to 2x = n/J/g, where n is an integer. 
[0016] Alternatively, the method according to the present Inventton may be modified by inserting a spin-lock field at 
time point (a) before the ST-CP interval for T^p measurements. 

II. THEORY 

[0017] Rgure 1 shows the energy-level diagram for a scalar coupled two-spin system IS. In analogy to the case of 
deuterium,0®'20) is possible to transfer coherence by simultaneously irradiating two connected transitions. Spin-state 
selective coherence transfer in a four-level system relies on irradiating the two transitions in a highly selective manner. 
In an ideal case, the presence of the fourth energy level should not affect the cross-polarization pathway of interest. 
[001 8] In the theory outlined below we consider cross-polarization from the coherence associated with a nitrogen 
transition to the progressively connected proton coherence f^^K In the presence of two RF fields which are on-reso- 
nance for the selected proton and nitrogen transitions the Hamiltonian in the laboratory frame may be written as 



+co;cos(o);=-^'/y,+co.'sin(a)i=^>. 



cos(a>i' ^'/X f sin(o ^'/X • (1) 



where the RF amplitudes are giver) by = ^Bj and (of = ^Bf. For clarity the initial RF phases have been assumed 
to be zero. It is convenient to recast this Hamiltonian in terms of single transition operators.(2i-22) The proton and 
nitrogen doublets, respectively, are given by 



/,= /;^-^'w/-^>andS,= /,<'-^)w/-*) 



(2) 
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[0019] The resonance frequencies of these transitions result from the Zeeman interaction and the scalar coupling. 
We define an interaction representation using the transformatiorf23) 

= exp(-///„/) 

where Hq = <o^ /z + cof + ZuJis^zSr The laboratory frame Hamiltonian of Eq. (1 ) becomes 

+<«)( /J'^^cos(27cJ;sO + (o'l /^^*^^sin(23iJ^0 

+©f4^'''>oos(2icJ,sO + «fi5?''**sin(2jcJ;sf) . (3) 



15 



[0020] For very weak RF fields (m\ . <t>f « 27iJ;s) one may neglect the oscillating components by invoking the secular 
approximation. Thus, as an initial approximation, we consider only the first two terms in the Hamiltonian. These terms 
are responsible for on-resonance coherence transfer. We shall see later that the other terms can lead to off-resonance 
coherence transfer if the amplitude of the spin-lock fields is not much weaker than the coupling constant. 
20 [0021] Figure 2 shows the evolution of the density operator under the influence of the Hamiltonian in Eq. (3), truncated 
to include only the first two terms. Cross-polarization is described by a rotation of the initial vector o(0)o/; -2) onto • 
about an effective field 



25 



This amounts to a rotaUon confined to a three-dimensional subspace of the full sixteen-dimensional Liouville space, 



30 



^t:'\2ir\2tr} (4) 

35 [0022] The evolution of the density operator in the case of matched RF fields is given by. 

a(/) = ^ (1 + coso.^/X"^ 4-^(1 - cos<s^.,tyr 'j^ (sino>..,/)/r (5) 

[0023] In contrast to conventional semi-selective cross-polarization<25), the transfer does not depend on the coupling 
constant J,c. The efficiency of the transfer is a maximum when the Hartmann-Hahn condition is fulfilled (oj, = <o^ ). It 



-'IS- 

45 should be noted that 



50 



55 



corresponding to one component of the doublet. In the absence of relaxation, the maximum expectation value of the 
observable 

(/f ) 

therefore 1/2, which occurs for a spin-lock duration of x = n/io^ff. Thus RF field amplitudes a)(/2jt - cof /2Jt = 26 or 11 
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source spin I to the two doublet components of the directly bound second spin S. 

[001 1] This may be improved by using matched RF fields with amplitudes of the order of the heteronuclear coupling 

constant Jjs- 

[0012] In a preferred variant, the method according to the present invention may be characterised by applying the 
following pulse sequence to the spin system I and S : 

a) irradiating a tU2 RF pulse acting on spins I with a phase-cycle <I>i = y, y, -y,-y; 

b) applying two RF fields with matched amplitudes of to^'/27t = (1)1^/271 and carrier frequencies positioned at the 
midpoints of the I and the S doublets during a preparation time period = J,s'^ ^ 

c) irradiating a tU2 RF pulse acting on spins S with a phase-cycle <t>2 = y, -y,-y, y 

d) destroying any residual transverse magnetization by applying a first spoil gradient pulse followed by a proton 
7C/2 pulse and subsequently by applying a second spoil gradient pulse C^; 

e) irradiating a 7U2 pulse acting on the spins S; 

f ) applying two RF fields with matched amplitudes of '/27c = ©1 ^12% for single-transition-to-single-transition cross- 
polarization, on-resonance with any chosen pair of connected transitions during a second time period X2. the am- 
plitudes of the RF fields being reduced with respect to the amplitudes in step b) 

g) using a receiver phase-cycling O^ec = '^^ ^ "X- 

[0013] This can be further improved by inserting a suitable relaxation delay at a time point (a) before the ST-CP 
interval to monitor the relaxation behaviour of the spin S coherences whilst observing the spin I doublet components. 
[0014] Another improvement of this method is characterised by Inserting a Carr-Purcell-Meiboom-Gill (CPMG) mul- 
tiple refocussing sequence at time point (a) before the ST-CP interval to monitor the relaxatbn behaviour of the spin 
S coherences whilst observing the spin I doublet components. 

[001 5] It may be also of advantage using a Carr-Purcell-Meiboom-Gill (CPMG) spin echo sequence for Tg measure- 
ments whereby the intervals between the n pulses of the CPMG pulse train are set to 2t = n/Jfs, where n is an Integer. 
[0016] Alternatively, the method according to the present invention may be modified by inserting a spin-lock field at 
time point (a) before the ST-CP interval for T^p measurements. 

II. THEORY 

[0017] Figure 1 shows the energy-level diagram for a scalar coupled two-spin system IS. In analogy to the case of 
deuterium,(i9'20) it jg possible to transfer coherence by simultaneously irradiating two connected transitions. Spin-state 
selective coherence transfer in a four-level system relies on irradiating the two transitions in a highly selective manner. 
In an ideal case, the presence of the fourth energy level should not affect the cross-polarization pathway of interest. 
[001 8] In the theory outlined below we consider cross-polarization from the coherence f^f^ associated with a nitrogen 
transition to the progressively connected proton coherence A^^'^). In the presence of two RF fields which are on-reso- 
nance for the selected proton and nitrogen transitions the Hamiltonian in the laboratory frame may be written as 



+0) cos((i) ^l''t)l, + (0 ,' sin ^ o'''"'X 



where the RF amplitudes are given by o),' » -ys,' and 0)f = -ySfiS por clarity the initial RF phases have been assumed 
to be zero. It is convenient to recast this Hamiltonian in terms of single transition operators.(2i-22) The proton and 
nitrogen doublets, respectively, are given by 



/,=/;'-n//-^'ands,=;;^-^>w;^-^'. 



(2) 
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[001 9] The resonance frequencies of these transitions result from the Zeeman interaction and the scalar coupling. 
We define an Interaction representation using the transformation(23) 

Uo = exp(-///y/) 

where * ^o'^ **" ®o ^^ts^^^r The laboratory frame Hamiltonian of Eq. (1 ) becomes 

+co^ 4^ '^^005(271 J;sO + w'l fy '^^sin(2ii J;sO 

+(of /;f''*^cos(2icJ,sf) + wf //•^^sin(27iJ,sO (3) 
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[0020] For very weak RF fields (oa^ . <of « 27c J/5) one may neglect the oscillating components by Invoking the secular 
approximation. Thus, as an initial approximation, we consider only the first two terms in the Hamiltonian. These terms 
are responsible for on-resonance coherence transfer. We shall see later that the other terms can lead to off -resonance 
coherence transfer if the amplitude of the spin-lock fields is not much weaker than the coupling constant. 
20 [0021] Figure 2 shows the evolution of the density operator under the influence of the Hamiltonian in Eq. (3). truncated 
to include only the first two terms. Cross-polarization is described by a rotation of the initial vector a(0)= onto .4) 
about an effective field 



This amounts to a rotation confined to a three-dimensional subspace of the fijil sixteen-dimensional Liouville space. 
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^c\2e'\2tr} (4) 

35 [0022] The evolution of the density operator in the case of matched RF fields is given by 

a(0 = ^ (1 + cos(o,^/y; +^(1 - cosco.^/X^^' (sm<^.^,y: ^' (5) 

[0023] In contrastto conventional semi-selective cross-polarization(25), the transfer does not depend on the coupling 
constant J/^. The efficiency of the transfer is a maximum when the Hartmann-Hahn condition is fulfilled (10' = (of ). It 
^5 should be noted that 

tr(//"/.:=")=V2. 

50 

corresponding to one component of the doublet. In the absence of relaxation, the maximum expectation value of the 
observable 



55 



is therefore 1/2, which occurs for a spin-lock duration of x = n/fOgff, Thus RF field amplitudes cD{/2n = (of /2jc = 26 or 11 
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Hz yield optimum transfer times of 27 or 64 ms respectively. 

[0024] One should note that coherence transfer processes (1,2) (2,4) or (1,3) -> (3,4) between progressively 
connected transitions In the two subsystems (1 ,2,4) and (1 ,3,4) occur via the double quantum transition f^*^^ whereas 
coherence transfer processes (1,2) -> (1,3) or (3,4) -> (2,4) between regressively connected transitions in the two 

5 subsystems (1,2,3) and (2,3,4) occur via the zero quantum transition f^*^^, 

[0025] Equation (5) gives us insight into the overall time dependence of the density operator. However, in systems 
such as 15N-HN In proteins, the scalar coupling is usually of the order of J^h = 95 Hz, so that the secular approximation 
may be violated and the oscillating components in the Hamlltonian may have to be considered. Computer simulations 
have been carried out using subroutines of GAMMA(24) and the complete Hamlltonian of Eq. (3). Although the dominant 

^0 feature is due to the transfer function given in Eq. (5), the signals are modulated by additional frequencies. A frequency 
component corresponding to the coupling constant 2nJis represents a parasitic transfer (light dashed arrows in Fig. 
1) which Is of the order of 5 % of the maximum intensity of the on-resonance transfer. A second, more pronounced, 
low-frequency modulation may also be observed. The frequency of this modulation increases with increasing RF field 
amplitude. It is found that this additional modulation does not have a detrimental effect on the efficiency of cross- 

^5 polarization provided a)^/27i ^ J/^3. 

III. RELAXATION 

[0026] Single-transition-to-single-transition cross-polarization provides interesting insight into relaxation occurring 
20 during transfer. We have chosen a phenomenological approach by constructing a Liouvillian superoperator which in- 
cludes coherent interactions given by the Hamiltonian in Eq. (3) and relaxation. The relaxation superoperator is diagonal 
if cross-relaxation is neglected, with diagonal elements composed of the self-relaxation rates of each coherence. 
[0027] Figure 3 shows the trajectory of the density operator as a function of time. The relaxation times are repre- 
sentative of an amino acid in the rigid core of a small protein. All density operator components are attenuated by 
25 relaxation, and the vector in Fig. 3 follows a helical trajectory around w^/^ One may note that, even for a protein, the 
efficiency of cross-polarization for a contact time t * 24 ms with RF field amplitudes of 26 Hz is about 68 % of the 
amplitude expected in the absence of relaxation. 

[0028] It is also important to note that, due to the spin-state selective nature of the transfer, the efficiency will be 
governed by the individual relaxation rates for each coherence. Thus cross-polarization between slowly relaxing com- 
30 ponents will be more efficient than between rapidly relaxing components. This is another manifestation of the so-called 
TROSY effect. 

IV. EXPERIMENT 

35 [0029] The preparation period in Fig. 4 employs semi-selective cross-polarizationt25-26) ^ transfer coherence 
through the scalar coupling from both doublet components of a selected source spin H^ to the two doublet components 
of the directly bound ^^N. This may be achieved using matched fields with amplitudes of the order of the heteronuclear 
coupling to overcome problems with RF field inhomogenelty^^s). We subsequently rotate the resulting Sy^ magnetization 
along the z axis and destroy any residual transverse magnetization, notably that of water, with two spoil gradients and 

40 a proton pulse. After another nJ2 applied to we have both nitrogen doublet components = /J'^^ + /^-"^^ at time 
point (a). We then apply two low-amplitude fields for single-transition-to-single-transition cross-polarization, on-reso- 
nance with any chosen pair of connected transitions. This yields a spectrum composed of a proton doublet whereby 
the on-resonance doublet component displays the build-up behaviour given by Eq. (5). The other off-resonance doublet 
component is modulated as a function of T2 at a frequency corresponding to the coupling constant. For example, if one 

^5 chooses the on-resonance transfer Z^^'^) ->/(^2,4) ^^g^ ^Y\e off-resonance transfer would be /j^'^^ -> f^^'^K corresponding 
to the component which is diagonally opposed in the HSQC spectrum. 

[0030] One can modify the pulse sequence in Fig. 4 to measure T^p or Tg relaxation times for the individual nitrogen 
doublet components. If one inserts a suitable relaxation delay at time point (a) in Fig. 4 then the relaxation behaviour 
of the nitrogen coherences may be monitored whilst observing the proton doublet components. For T^p measurements 
50 a spin-lock field can be inserted. For T2 measurements a Carr-Purcell-Meiboom-Gill (CPMG) spin echo sequence can 
be used. The intervals between the n pulses of the CPMG pulse train are set nlJis>N\\Qxe n is an Integer. This 
averages the auto-relaxation rates of in-phase and antiphase 2SJi^ coherences as the scalar coupling remains 
active during these intefvals.<27) |n this case the effective relaxation matrix reduces to diagonal form with each doublet 
component relaxing mono-exponentially at a rate R^^t 5 where 

55 

^-v=(P/v+P.v//)/2. 
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5 is the CSA-dipole cross correlated relaxation rate and pg^ and p^w are the autorelaxation rates of in- and antiphase 
terms and 28^12. In the case of measurements, where there is no evolution under the scalar coupling, the relaxation 

will in general become multiexponentiaL(28) 

[0031] A 100 mM sample of ^^n enriched boc-protected glycine in DMSO was used to illustrate the transfer process. 
This is a convenient test sample and may be considered as an isolated i5N-HN fragment (J^h 94 Hz) within a small 
molecule with correspondingly long Tg's. All experiments were performed on a Bruker DRX 600 MHz spectrometer 
with a TBI probe equipped with triple axis gradients. Figure 5 shows the signal intensity due to on-resonance ST-CP 
as a function of the spin lock duration Xg- ^or clarity only two curves are displayed which correspond to coherence 
transfer from the high-frequency nitrogen doublet component Z^-^) to one of the proton doublet components. Since the 
To's of the two proton doublet components are almost equal, the differences in the two curves are primarily due to the 
fact that the density operator passes through states with different relaxation times, the progressive connectivity being 
mediated via double quantum coherence whereas the regressive connectivity passes through zero quantum coher- 
ence The other two cross-polarization paths from the low-frequency nitrogen coherence P.^) (not shown) are quali- 
tatively similar. Also displayed is a simulation of the evolution of the density operator, using a Liouvillian superoperator 
composed of the sum of coherent and relaxation superoperators. Relaxation times T^^ and T for the nitrogen and 
proton transitions may be measured by modifying the pulse sequence, as described previousfy The decay yields a 
value of = 2.86 s for both nitrogen transitions. If a proton spin-lock field is inserted immediately before aquisition, 
the decay yields a value of r' = 383 ms for both proton transitions. One may then vary the relaxation time of the zero- 
or double-quantum transition empirically until an agreement with the experiments is attained. 
[0032] It is instructive to take a Fourier transform to unravel the different frequency components in the build-up curves 
of Fig 5 This was carried out using MATLAB and is shown in Fig. 6. The most intense peak is centered at (Og =18 Hz 
corresponding to RF field strengths (of /2:c = 0){/2ii = 26 Hz ((0^^271 = 1 8.4 Hz). Additional fine structure may be observed 
giving evidence of a low-frequency modulation which arises due to a breakdown in the secular approximation. One 
may also observe a doublet centered at the coupfing constant J^^h « Hz corresponding to a residual 'parasitic' 
transfer from the other nitrogen doublet component These effects are consistent with simulations. Also displayed in 
Fig- 6 are simulations in which the relaxation time Jf^ of the zero quantum coherence Z/'^) jg varied. The best fit 
may be obsen/ed for if^ « 30 ms. 

V. APPUCATION 

[0033] The principles of ST-CP were applied to relaxation measurements in a 1 .5 mM sample of ^SN-iabeled human 
ubiquitin (VLI Research) in HgO : DgO = 9 : 1 buffered at pH = 4.5 with 20 mM perdeuterated acetic acid at a temperature 
of 303 K and a static field of 1 4 T 

[0034] Results of Tf measurements for are displayed in Fig. 7 where we have chosen two different amide groups 
in the protein. 136 and G76. One may clearly observe the differential relaxation responsible for the TROSY effect in 
the nitrogen dimension of an undecoupled HSQC. One may also obsen^e clear differences in mobility with 136 being 
located in the more rigid core of the protein whereas G76 is the final residue of the highly mobile C-terminus. It is 
interesting to note that the differential relaxation of the two doublet components is quite pronounced even in a small 
protein such as ubiquitin at 14 T and at ambient temperature. 

VI. CONCLUSIONS 

[0035] It has been shown that one may achieve single-transition-to-single-transition coherence transfer in a scalar- 
coupled two-spin system by cross polarization. The method proposed is quite general provided the selectivity is suffi- 
cient to consider the relevant three-level subsystem to be isolated from all other energy levels. The method will be 
particularly useful to study differential relaxation of different multiplet components. The principles outlined here may 
cast new light on a variety of cross-correlated relaxation phenomena. 

Figure Captions 

[0036] FIG. 1. Energy-level diagram for a scalar-coupled two-spin system IS, such as is found in backbone amide 
N-H groups of labelled proteins and peptides. The nitrogen doublet components correspond to transitions (1,2) 
and (3 4) The proton doublet components correspond to transitions (1 ,3) and (2,4). Also shown is a schematic repre- 
sentation of single-transition-to-single-transition cross-polarization (ST-CP) transfer. The main pathways correspond 
to on-resonance (thick solid arrow) and off-resonance transfer (thick dashed arrow). Also shown are undesired parasitic 
transfer pathways (thin dashed arrows). ^ . 

[0037] FIG. 2. The evolution of the density operator during single-transition-to-single-transition cross-polarization 
corresponds to a rotation within a three-dimensional subspace of the complete 1 6 dimensional Liouville space. Coher- 



6 



EP1 098 204A1 



Hz yield optimum transfer times of 27 or 64 ms respectively. 

[0024] One should note that coherence transfer processes (1,2) (2,4) or (1,3) -> (3,4) between progressively 
connected transitions in the two subsystems (1 ,2,4) and (1 ,3,4) occur via the double quantum transition f^*^^ whereas 
coherence transfer processes (1,2) (1,3) or (3,4) -> (2,4) between regressively connected transitions in the two 

5 subsystems (1,2,3) and (2,3,4) occur via the zero quantum transition f'^^^K 

[0025] Equation (5) gives us insight into the overall time dependence of the density operator However, in systems 
such as ^^N-H^ in proteins, the scalar coupling is usually of the order of J|y|H = 95 Hz, so that the secular approximation 
may be violated and the oscillating components In the Hamiltonian may have to be considered. Computer simulations 
have been carried out using subroutines of GAMMA(24) and the complete Hamiltonian of Eq. (3). Although the dominant 

10 feature is due to the transfer function given In Eq. (5), the signals are modulated by additional frequencies. A frequency 
component corresponding to the coupling constant 2nJfQ represents a parasitic transfer (light dashed arrows in Fig. 
1 ) which is of the order of 5 % of the maximum intensity of the on-resonance transfer. A second, more pronounced, 
low-frequency modulation may also be observed. The frequency of this modulation increases with increasing RF field 
amplitude. It is found that this additional modulation does not have a detrimental effect on the efficiency of cross- 

15 polarization provided (o^/2n < J/^3. 

Hi. RELAXATION 

[0026] Single-transition-to-single-transition cross-polarization provides interesting insight into relaxation occurring 
20 during transfer. We have chosen a phenomenological approach by constructing a Liouvillian superoperator which in- 
cludes coherent interactions given by the Hamiltonian in Eq. (3) and relaxation. The relaxation superoperator is diagonal 
if cross-relaxation is neglected, with diagonal elements composed of the self-relaxation rates of each coherence. 
[0027] Figure 3 shows the trajectory of the density operator as a function of time. The relaxation times are repre- 
sentative of an amino acid in the rigid core of a small protein. All density operator components are attenuated by 
25 relaxation, and the vector In Fig. 3 follows a helical trajectory around (o^^ One may note that, even for a protein, the 
efficiency of cross-polarization for a contact time x = 24 ms with RF field amplitudes of 26 Hz is about 68 % of the 
amplitude expected in the absence of relaxation. 

[0028] it is also important to note that, due to the spin-state selective nature of the transfer, the efficiency will be 
governed by the individual relaxation rates for each coherence. Thus cross-polarization between slowly relaxing com- 
30 ponents will be more efficient than between rapidly relaxing components. This is another manifestation of the so-called 
TROSY effect. 

IV. EXPERIMENT 

35 [0029] The preparation period in Fig. 4 employs semi-selective cross-polarization<25-26) ^ transfer coherence 
through the scalar coupling from both doublet components of a selected source spin H^ to the two doublet components 
of the directly bound ^^N. This may be achieved using matched fields with amplitudes of the order of the heteronuclear 
coupling to overcome problems with RF field inhomogeneity^^S). vVe subsequently rotate the resulting magnetization 
along the z axis and destroy any residual transverse magnetization, notably that of water, with two spoil gradients and 

40 a proton pulse. After another n/2 applied to ^^N we have both nitrogen doublet components + P-^^ at time 

point (a). We then apply two low-amplitude fields for single-transition-to-single-transition cross-polarization, on-reso- 
nance with any chosen pair of connected transitions. This yields a spectrum composed of a proton doublet whereby 
the on-resonance doublet component displays the build-up behaviour given by Eq. (5). The other off-resonance doublet 
component is modulated as a function of T2 at a frequency corresponding to the coupling constant. For example, if one 

45 chooses the on-resonance transfer -2) -^f-^^^ then the off-resonance transfer would be f^-^^ -^^ , corresponding 
to the component which is diagonally opposed in the HSQC spectrum. 

[0030] One can modify the pulse sequence in Fig. 4 to measure T^p or Tg relaxation times for the individual nitrogen 
doublet components, if one inserts a suitable relaxation delay at time point (a) In Fig. 4 then the relaxation behaviour 
of the nitrogen coherences may be monitored whilst observing the proton doublet components. For T^p measurements 
50 a spin-lock field can be inserted. For Tg measurements a Carr-Purcell-Meiboom-Gill (CPMG) spin echo sequence can 
be used. The intervals between the n pulses of the CPMG pulse train are set to 2t = n/J,5 where n is an integer. This 
averages the auto-relaxatlon rates of in-phase and antiphase 2Sy^\^ coherences as the scalar coupling remains 
active during these intervals.<27) in this case the effective relaxation matrix reduces to diagonal form with each doublet 
component relaxing mono-exponentially at a rate R^^t 5 where 
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8 is the CSA-dipole cross correlated relaxation rate and and p^H are the autorelaxation rates of In- and antiphase 
terms S,and2il,JnthecaseofT,measurernents. where there is rio evolution underthescalarcouphng.therel^^^^ 

will in aeneral become multiexponential/^s) ^ . * 

^311 A 100 mM sample of i'n enriched t«.c-protected glycine in DMSO was used to illustrate the transfer process 
K a convenient test sample and may be considered as an isolated i^N-HN fragment 94 Hz) with.n a small 
To" cunr^respondingly long T.'s. All experiments were performed on a Bmker DRX 600 MHz spectrometer 
with a TBI probe equipped with triple axis gradients. Rgure 5 shows the signal intensrty due to JI"^^ 
as a function of the s^n lock duration x,. For clarity only two curves are displayed wh«h correspond to coherence 
transLrflm thehigh'requency nitrogen doublet component 4^^> to oneof the prot^^ 

Vs of the two proton doublet components are almost equal, the differences in the two curves are Pn^^arHy due to he 

fact that the density operator passes th«)ugh states with different relaxation times, the progressive 

mediated via double quantum coherence whereas the regressive connectivity passes ^^"f ,^^^^"^"^7 " 

ence. The other two cross-polarization paths from the low-frequency nitrogen coherence /(f-^) (no shown) are quah- 

tativelv similar Also displayed is a simulation of the evolution of the density operator, us.ng a Uouv.ll.an superoperator 

iTpLsed o?^ sum o' coherent and relaxation superoperators. Relaxation times tJ^ and t' for the n.trogen and 

Zon trans-rtions may be measured by modifying the pulse sequence, as described prevous/y. The decay y elds a 

ZZ o T^ = 2 86 s for both nitrogen transitions. If a proton spin-lock field is inserted immediately before aqu«rt.on. 

the decay yWa value of T ' = 383 ms for both proton transitions. One may then vary the relaxation t.me of the zero- 

or double^uantum transition "empirically until an agreement with the experiments is atta.ned^ 

[0032] iUsinstructivetotakeaFouriertransfomr,tounravelthedifferentfrequencycompor,ents.nthebuild-upcu^^^^ 

of Rg 5. This was carried out using MATLAB and is shown in Fig. 6. The most intense peak is centered at -18 Hz 
a,rrSpondingtoRFf.eldstrengths(of/2;.=<D{/2,. = 26HzK^2ac = 18.4Hz).Additionalfi^^ 
dXg evidence of a low-frequency lUjIatton which arises due to a breakdown in the secular approx.maJon^One 
may also observe a doublet centered at the coupling constant = 94 Hz correspond.ng o a "J Paras^^^ 
transfer from the other nitrogen doublet component. These effects are consistent wrth s.mu at.ons. A^ d.splayed ,n 
Rg. 6 are simulations in which the relaxation time TfQC of the zero quantum coherence .s vaned. The best fit 
may be observed for T|°^ = 30 ms. 
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V. APPUCATION 

100331 The principles of ST-CP were applied to relaxation measurements in a 1 .5 mM sample of ' SN-labeled human 
ubiqul(VLIResearch)inHp:D20-9:1buffered at pH = 4.5with 20 mMperdeuterated acetic aadatatemperatu 

S^Retu'Tlf^^^^^^^^^^ 

n the protein 136 and G76. One may clearly observe the differential relaxation respons.ble for the TROSY effert in 
hfnitSn dimension of an undecoupled HSQC. One may also observe clear differences in mob.lrty w.th 136 being 
ocJ^edTthe more r-.gkJ core of the protein whereas G76 fe the final resklue of the highly mobile C-termmus. It .s 
interesting to note that the differential relaxation of the two doublet components is qurte pronounced even in a small 
protein such as ubkiuitin at 14 T and at ambient temper^re. 

VI. CONCLUSIONS 

[00351 It has been shown that one may achieve single-transitfon-to-singte4ransition coherence transfer in a scalar- 
Sd two-spin system by cross polarizatbn. The method proposed qurte general prov.ded t^e selecjvrty .s sufi^ 

to ccnsL the relevant three-level subsystem to be isolated from all other energy levels. The me^o^ w^ 
particularly useful to study drfferential relaxatton of different multiplet components. The princ^Jles outlined here may 
cast new light on a variety of cross-correlated relaxation phenomena. 

Figure Captions 

[0036] FIG. 1 . Energy-level diagram for a scalar-coupled two-spin system IS. such as fe "^^^^Ij^jf/J 
N-H groups of i^N labelled proteins and peptides. The nitrogen doublet componente correspond to transrt.ons (1 2) 
. and (3 4) The proton doublet components correspond to transitions (1 .3) and (2.4). Also shown is a schematic repre- 
LntStonof single-transition-to-single-transition cross-polarization (ST-CP) transfer. The ma.n pathways cornespond 
to on-resonance (thick solW arrow) and off-resonance transfer (thfck dashed arrow). Also shown are undes.red paras*c 

transfer P^^-ys J^^^^^^^^^ ^Z^,^^ operator during single-trans.on-to-sing.e-transitton cross-polarization 
correspondstoarotation withinathree-dimensionalsubspace of the complete 16dimensional Liouville space. Coher- 
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ence transfer from ^''•^^ to f^^^"^ can be achieved by a rotation of the density operator about an effective field oD^ff and 
passes via double quantum coherence f^*^^ as shown in Eq. (7). 

[0038] FIG. 3. Simulated evolution of the density operator using the complete Hamiltonian of Eq. (3) and a relaxation 
superoperator as described in the text. RF field amplitudes are coi/27t = a),V2ic = (a^iZn « 26 Hz. The relaxatton times 
used were 7^'^ = 90 ms, = 415 ms and = 30 ms which are representative of an amino acid residue in the 
rigid core of a small protein. At t = 24 ms, one obtains a state with an optimum expectation value of 

(/.D = 0.34. 

[0039] FIG. 4. Pulse sequence used for coherence transfer by cross-polarization. The first semi-selective cross- 
polarization (CP) period has a duration =t Jig*"" = 10.9 ms and matched amplitudes of w(/2jc = a)f/27i = 70 Hz. The 
carrier frequencies are positioned at the midpoints of the proton and nitrogen doublets. During the second, selective 
single-transrtion-to-slngle-transition cross-polarization (ST-CP) period the matched amplitudes are reduced to (o|/ 
2n = oof /2;c « 26 Hz and the carrier frequencies moved to any two con nected transitions which appear in the undecoupled 
multiplet, e.g. ©[j^'^) = o)^ + nJox a)|f'^) = o)^ - jcJand (oj,^'^) = o)^ + t^Jqx a)(2.4) ^ ^^t^ . nJia^l^ = -7^0 < 0 for ^H, cof = 
"Ys^ > 0 ^or ^^N). The phase-cycling is: = y, y. -y, -y, 4>2 = "Y. "Y. Y. receiver <i>^^ = x. -x, x, -x. 
[0040] FIG. 5. Signal Intensity of selected doublet components in boc-protected ^^N enriched glycine as a function 
of the spin-lock duration T2 (see Fig. 4). The experimental points correspond to cross-polarization from the high-fre- 
quency nitrogen transition /^^^'^ to the low-frequency f^^^^ (■) or to the high-frequency f^-^^ (O) proton components 
(see schematic representation of the undecoupled HSQC multiplet and the corresponding resonance frequencies). 
Also displayed is a simulation of the (■) transfer taking into account relaxation within the three-dimensional subspace 
shown in Fig. 2, as described in the text. The experimental curves comprise 120 points, each of which was acquired 
with 1 6 scans at 303 K and 1 4 T 

[0041] FIG. 6. Fourier transform (0)3) of the oscillatory time dependence of ST-CP Experimental points are calcu- 
lated from the data of Fig. 5. Also displayed are the Fourier transforms of three simulations where the relaxation time 
T|^^ of the zero quantum coherence ^2,3) ^as been varied. 

[0042] FIG. 7. Experimental Tg decay curves of different nitrogen doublet components in human ubiqultin, obtained 
by inserting a Carr-Purcell-Meiboom-Gill (CPMG) multiple refocussing sequence before the ST-CP Interval Xg of Fig. 
4. For illustration two different amino acids (136 and G76) are displayed. Filled symbols correspond to on-resonance 
cross-polarization from the high-frequency nitrogen transition fj^^ to the low-frequency proton component /^^-^^ . Empty 
symbols correspond to off-resonance cross-polarization from the low-frequency nitrogen transitton A'** to the high- 
frequency proton component A^''*^ A schematic representation of the undecoupled HSQC multiplet indicates the on- 
and off-resonance components. Relaxation rates for both doublet components are thus taken from a single series of 
experiments with a total experiment time of 20 mins for each amide residue. The ST-CP cross-polarization transfer 
time was Xg = 26 ms for field strengths of (o^'/27i = (of/2n = 26 Hz, which yields the maximum intensity for both the on- 
resonance and off-resonance components. Curve fits correspond to mono-exponential decays with 7| :(•)== 1 .04 s, 
(O) = 457 ms, m = 306 ms, (D) = 87 ms. Each point was acquired with 64 scans at 303 K and 14 T 
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Claims 

1. A method of nuclear magnetic resonance (=NMR) spectroscopy for achieving selective single-transition-to-single- 
transition cross-polarization (ST-CP) between two selected transitions in systems with two or more coupled spins 
by irradiating radio frequency (=RF) pulses to a sample in a homogeneous magnetic field in z-direction comprising 
the following steps: 

1 ) Choose RF pulses suitably shaped for a selective excitation experiment with an RF amplitude that is weaker 
than the scalar coupling constant of the I and S spin systems; 

2) Simultaneously stimulate a pair of connected transitions of the I and S spin systems; 

3) Record the response for the said selective excitation experiment and observe different pairs of connected 
transitions. 

2. The method according to claim 1 . characterised in that the spin system is kept in isotropic or anisotropte solut'ion 
during the experiment. 

3. The method according to claim 1 or 2 characterised in that the intensities of the observed signals depend upon 
the chosen pair of connected transitions because of cross-correlated relaxation effects. 

4. The method according to any one of the preceding claims, characterised by employing semi-selective cross-po- 
larization during a preparation period to transfer coherence through the scalar coupling from both doublet com- 
ponents of the selected source spin I to the two doublet components of the directly bound second spin.S. 

5. The method according to claim 4, characterised by using matched RF fields with amplitudes of the order of the 
heteronuclear coupling constant Jjs. 

6. The method according to any one of the preceding claims, 

characterised by applying the following pulse sequence to the spin system I and S : 

a) irradiating a n/2 RF pulse acting on spins I with a phase-cycle <P^ = y, y -y -y; 

b) applying two RF fields with matched amplitudes of (o^^/Zn = <i>^^/2n and carrier frequencies positioned at 
the midpoints of the I and the S doublets during a preparatton time period = Jis""* ; 

c) irradiating a n/2 RF pulse acting on spins S with a phase-cycle 4>2 = y, -y, -y, y 

d) destroying any residual transverse magnetization by applying a first spoil gradient pulse G^ followed by a 
proton n/2 pulse and subsequently by applying a second spoil gradient pulse C^; 

e) irradiating a n/2 pulse acting on the spins S; 

f) applying two RF fields vyith matched amplitudes of ©i V2ji = fo^^/2n for single-transition-to-single-transition 
cross-polarization, on-resonance with any chosen pair of connected transitions during a second time period 

the amplitudes of the RF fields being reduced with respect to the amplitudes in step b) 
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ence transfer from ^^'^^ to ^an be achieved by a rotation of the density operator about an effective field o)^^ and 
passes via double quantum coherence /""'^^ as shown in Eq. (7). 

[0038] FIG. 3. Simulated evolution of the density operator using the complete Hamiltonlan of Eq. (3) and a relaxation 
superoperator as described in the text. RF field amplitudes are (b^/27c = (o{/2jr = ©f /2n = 26 Hz. The relaxation times 
used were 7*^'^ = 90 ms, 7"^"^ = 415 ms and = 30 ms which are representative of an amino acid residue in the 
rigid core of a small protein. Atx = 24 ms. one obtains a state with an optimum expectation value of 

(/:=-^*) = 0.34. 

[0039] FIG. 4, Pulse sequence used for coherence transfer by cross-polarization. The first semi-selective cross- 
polarization (CP) period has a duration = Jis'"" = 10.9 ms and matched amplitudes of oj{/2n = a)f/27i = 70 Hz. The 
carrier frequencies are positioned at the midpoints of the proton and nitrogen doublets. During the second, selective 
single-transttlon-to-single-transition cross-polarization (ST-CP) period tg, the matched amplitudes are reduced to (o|/ 
2n =5 (i)f/2n = 26 Hz and the carrier frequencies moved to any two connected transitions which appear in the undecoupled 
multiplet, e.g. (o|/'2) = oj^ + ^ j or to^^-^) = o)f - tiJ and -3) = + tc7 or 0)^2.4) = . „ J (w^ = -yfio < 0 for ^ H, (o^ = 
-Ys^o > 0 ^^N). The phase-cycling is; <P^ = y, y, -y, -y, <t>2 = y. -y, -y, y, receiver (P^^^ = x. -x, x, -x. 
[0040] FIG. 5. Signal intensity of selected doublet components in boc-protected ^^N enriched glycine as a function 
of the spin-lock duration (see Fig. 4). The experimental points correspond to cross-polarization from the high-fre- 
quency nitrogen transition A''^) ^he low-frequency Z'''^) (■) or to the high-frequency //•'^^ (O) proton components 
(see schematic representation of the undecoupled HSQC multiplet and the corresponding resonance frequencies). 
Also displayed is a simulation of the (■) transfer taking into account relaxation within the three-dimensional subspace 
shown in Fig. 2, as described in the text The experimental curves comprise 120 points, each of which was acquired 
with 16 scans at 303 K and 14 T. 

[0041] FIG. 6. Fourier transform ((Og) of the oscillatory time dependence of ST-CP Experimental points are calcu- 
lated from the data of Fig. 5. Also displayed are the Fourier transforms of three simulations where the relaxation time 

of the zero quantum coherence jj^2.3) has been varied. 
[0042] FIG, 7. Experimental Tg decay curves of different nitrogen doublet components in human ubiquitin, obtained 
by Inserting a Can'-Purcell-Meiboom-Gill (CPMG) multiple refocussing sequence before the ST-CP Interval Xg oi Fig. 
4. For illustration two different amino acids (136 and G76) are displayed. Filled symbols correspond to on-resonance 
cross-polarization from the high-frequency nitrogen transition to the low-frequency proton component . Empty 
symbols correspond to off-resonance cross-polarization from the low-frequency nitrogen transition /^-^J to the high- 
frequency proton component /2.4) ^ schematic representation of the undecoupled HSQC multiplet indicates the on- 
and off-resonance components. Relaxation rates for both doublet components are thus taken from a single series of 
experiments with a total experiment time of 20 mins for each amide residue. The ST-CP cross-polarization transfer 
time was Xj = 26 ms for field strengths of o)j/2;i = cof /27i = 26 Hz, which yields the maximum intensity for both the on- 
resonance and off-resonance components. Curve fits correspond to mono-exponential decays with 7|: (•) = 1.04 s, 
(O) = 457 ms, (■) = 306 ms, (D) = 87 ms. Each point was acquired with 64 scans at 303 K and 14 T 
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Claims 

20 1 . A method of nuclear magnetic resonance (=NMR) spectroscopy for achieving selective stng!e-transition-to-single- 
transition cross-polarization (ST-CP) between two selected transitions in systems with two or more coupled spins 
by irradiating radio frequency (=RF) pulses to a sample in a homogeneous magnetic field in z-direction comprising 
the foltowing steps: 

25 1 ) Choose RF pulses suitably shaped for a selective excitation experiment with an RF amplitude that Is weaker 

than the scalar coupling constant J|s of the I and S spin systems; 

2) Simultaneously stimulate a pair of connected transitions of the I and S spin systems; 

30 3) Record the response for the said selective excitation experiment and observe different pairs of connected 

transitions. 



2. The method according to claim 1 , characterised in that the spin system is kept in isotropic or anisotropic solution 
during the experiment. 

35 

3. The method according to claim 1 or 2 characterised in that the intensities of the observed signals depend upon 
the chosen pair of connected transitions because of cross-correiated relaxation effects. 

4. The method according to any one of the preceding claims, characterised by employing semi-selective cross-po- 
"^0 larization during a preparation period to transfer coherence through the scalar coupling from both doublet com- 
ponents of the selected source spin I to the two doublet components of the directly bound second spin S. 

5. The method according to claim 4, characterised by using matched RF flekJs with amplitudes of the order of the 
heteronuclear coupling constant J|s. 

45 

6. The method according to any one of the preceding claims, 

characterised by applying the following pulse sequence to the spin system I and S : 

a) irradiating a k/2 RF pulse acting on spins I with a phase-cycle = y, y, -y, -y; 
50 b) applying two RF fields with matched amplitudes of o>^'/2k = ©1^/271 and carrier frequencies positioned at 

the midpoints of the I and the S doublets during a preparation time period Xi = Jis""" ; 

c) irradiating a n/2 RF pulse acting on spins S with a phase-cycle 4>2 = y, -y, -y, y 

d) destroying any residual transverse magnetization by applying a first spoil gradient pulse G^ followed by a 
proton 71/2 pulse and subsequently by applying a second spoil gradient pulse Gg; 

55 e) irradiating a n/2 pulse acting on the spins S; 

f) applying two RF fields with matched amplitudes of '/27t - <o^^/2% for single-transition-to-single-transition 
cross-polarization, on-resonance with any chosen pair of connected transitions during a second time period 
Tg, the amplitudes of the RF fields being reduced with respect to the amplitudes in step b) 



8 
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g) using a receiver phase-cycling O^ec = x. -x. x -x. 

The method according to claim 6. characterised by inserting a suitable relaxation delay at a time point (a) before 
the ST-CP interval to monitor the relaxation behaviour of the spin S coherences whilst observing the spin I 
doublet components. 



The method according to claim 7, characterised by inserting a Carr-Purcell-Meiboom-Gill (CPMG) multiple refo- 
cussing sequence at time point (a) before the ST-CP interval to monitor the relaxation behaviour of the spin S 
coherences whilst observing the spin I doublet components. 

The method according to claim 8 using a Carr-Purcell-Meiboom-Gill (CPMG) spin echo sequence for measure- 
ments, characterised fn that the intervals between the k pulses of the CPMG pulse train are set to 2t = rVJ/o, where 
n is an integer. 



The method according to claim 7. characterised by inserting a spin-lock field at time point (a) before the ST-CP 
interval ^or measurements. 
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Figure 1 
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g) using a receiver phase-cycling ^^^^ = x, -x, x -x. 

The method according to claim 6. characterised by inserting a suitable relaxation delay at a time point (a) before 
the ST-CP interval Tg to monitor the relaxation behaviour of the spin S coherences whilst observing the spin I 
doublet components. 

The method according to claim 7, characterised by inserting a Carr-Purcell-Meiboom-Gill (CPMG) multiple refo- 
cussing sequence at time point (a) before the ST-CP interval to monitor the relaxation behaviour of the spin S 
coherences whilst observing the spin I doublet components. 

The method according to claim 8 using a Carr-Purcell-Meiboom-Gill (CPMG) spin echo sequence for Tg measure- 
ments, characterised in that the intervals between the n pulses of the CPMG pulse train are set to 2t « n/J,c, where 
n is an integer. 

The method according to claim 7. characterised by inserting a spin-lock field at time point (a) before the ST-CP 
interval Xg for T^ measurements. 
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Figure I 
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Figure 2 
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Figure 3 
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Figure 2 
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<i(;-^->>(t = o) = o.5 



Figure 3 
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Figure 4 
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Figure 5 
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Figure 4 
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Figure 5 
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T2 Relaxation delay (s) 



Figure 7 
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Figure 6 
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